Influenza A virus possesses a segmented genome of eight negativesense, single-stranded RNAs. The eight segments have been shown to be represented in approximately equal molar ratios in a virus population; however, the exact copy number of each viral RNA segment per individual virus particles has not been determined. We have established an experimental approach based on multicolor single-molecule fluorescent in situ hybridization (FISH) to study the composition of viral RNAs at single-virus particle resolution. Colocalization analysis showed that a high percentage of virus particles package all eight different segments of viral RNAs. To determine the copy number of each RNA segment within individual virus particles, we measured the photobleaching steps of individual virus particles hybridized with fluorescent probes targeting a specific viral RNA. By comparing the photobleaching profiles of probes against the HA RNA segment for the wild-type influenza A/Puerto Rico/8/34 (PR8) and a recombinant PR8 virus carrying two copies of the HA segment, we concluded that only one copy of HA segment is packaged into a wild type virus particle. Our results showed similar photobleaching behaviors for other RNA segments, suggesting that for the majority of the virus particles, only one copy of each RNA segment is packaged into one virus particle. Together, our results support that the packaging of influenza viral genome is a selective process. 
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genome packaging | single-molecule imaging | viral ribonucleoprotein complex I nfluenza viruses possess a lipid envelope that harbors the glycoproteins hemagglutinin (HA), neuraminidase (NA), and the matrix protein 2 (M2). The core of the virus comprises viral ribonucleoprotein complexes (RNPs) consisting of viral RNAs, nucleoproteins (NP), and three RNA polymerase proteins (PB2, PB1, and PA). The virus genome is composed of eight negative-sense, single-stranded RNA segments: namely PB2, PB1, PA, NP, HA, NA, M, and NS. One of the critical steps in influenza virus infection is the packaging of its segmented genome into the budding virions (1) . The segmented genome confers an evolutionary advantage that allows the genes from different virus strains to shuffle and reassort, creating progeny viruses with unique characteristics (2, 3) . However, this segmented nature of viral RNA also complicates the process of genome packaging because at least one complete set of eight viral RNA segments has to be packaged into a virus particle to produce infectious progeny. The mechanism by which influenza virus ensures correct packaging of its genome is still unclear.
Two models have been proposed for the incorporation of influenza viral RNAs: (i) the random incorporation model (4, 5) ; and (ii) the selective incorporation model (6) (7) (8) (9) (10) (11) (12) (13) . The random incorporation model proposes that a sufficient number of viral RNAs are randomly chosen to be packaged that will give a reasonable proportion of viable virions that contain at least one copy of each RNA segment (4) . The selective incorporation model suggests that a virus particle packages no more than eight viral RNPs and each viral RNA segment contains unique features that allow the viral RNAs to be recognized and distinguished from other segments. The latter being the currently favored hypothesis is supported by: (i) EM analyses showing budding virions incorporating eight viral RNPs arranged in a "7+1" architecture (14-17); and (ii) segmentspecific packaging sequences located at the terminal ends of all eight viral RNAs had been identified by virtue of reverse genetics (6, 8, 10, 11, 18, 19) . Even though there has been growing evidence supporting the selective packaging method, conclusive proof that the eight viral RNPs observed in a budding virion are each different is still lacking. Earlier studies using electrophoresis of RNA showed that viral segments were presented at an approximately equal molar ratio within a purified virus preparation (20, 21) , but no study has been performed to determine how the incorporated viral segments were segregated into individual virus particles. Recent studies using electron tomography showed the viral RNPs incorporated in the budding virions possess different lengths; however, only a few virus particles were analyzed, and the segments with similar length could not be differentiated by this method (14, 22) . The development of single-particle approaches has allowed the characterization of virus particles and events in the virus life cycle that might have been missed in the observations of the entire virus population (23) (24) (25) . Therefore, to study the genome packaging of influenza viruses, methods that allow stoichiometric analysis of viral RNAs within single-virus particles with individual RNA sensitivity are required.
Herein, we have designed a scheme which allows the detection and quantification of the viral RNAs within influenza virions at single-virus resolution. We applied the single-molecule (sm)FISH technique (26) to surface immobilized virus particles to quantify the packaged viral RNAs. With this approach, we have shown that most if not all influenza virus particles package heterogeneous viral RNAs and each viral RNA segment was packaged only once. These data provide direct evidence that the packaging mechanism in the influenza virus is very robust and the majority of virus particles package the unique eight viral RNAs.
Results FISH Analysis at Single-Virus Particle Level. We used prism-type total internal reflection fluorescence microscopy (TIRF) (27) to study individual virus particles immobilized on the slide surface. To abolish nonspecific attachment of virus particles, the slide surface was passivated with an inert polymer (PEG) sparsely supplemented with biotinylated polymer. Virus particles were immobilized on the surface through biotinylated antibodies against the influenza hemagglutinin (HA) protein, which were specifically attached to NeutrAvidin molecules bound to biotinylated polymers on the surface (Fig. 1A) . To quantify the viral RNA composition of virus particles, we performed smFISH on virus particles immobilized on the microscope slides (28) . Because viral RNAs are packaged within the virus envelope, the immobilized virus particles were fixed with 4% (wt/vol) paraformaldehyde and the viral membrane was then permeabilized with 0.25% Triton-X 100. FISH DNA probes, each labeled with one fluorophore, were used to hybridize to the specific target RNA. We first validated the assay by immobilizing influenza A/Puerto Rico/8/34 (PR8) virus and performing smFISH using a mixture of 48 Cy3-labeled probes against the NA or 48 Cy5-labeled probes against the PB2 RNA segments. In each case, more than 50 fluorescent spots were detected. On the other hand, control experiments using probes against a noninfluenza RNA gene (RIG-I) or blank slides showed very few dim spots ( Fig. 1 B and C) . Because the experiments were performed on different channels of the same passivated slide and the concentrations of the antibody, virus particles, and each probe were kept the same, we expected that similar density of virus particles were immobilized on the surface for each experiment. Therefore, the reproducible large contrast in the number of spots (approximately two orders of magnitude) observed between control experiments and experiments probing for influenza viral RNAs demonstrated the high specificity of smFISH in detecting viral RNA segments.
One Influenza Virus Particle Efficiently Copackages Viral RNAs of Different Identities. Having established the platform for FISH analysis at single-virus particle resolution, we determined the copackaging efficiency of two different viral RNA segments into virions by performing hybridization with two probe sets targeting different viral RNAs, one probe set labeled with Cy3 fluorophores and the other labeled with Cy5 fluorophores. Two differently labeled probe sets (Cy3 and Cy5) targeting two different regions of the same viral RNA were used as positive controls and demonstrated the specificity of our technique ( Fig. 2A) . The two sets of probes against different regions of the NA segments showed over 90% (93.1% ± 2.2%) colocalization between Cy3 and Cy5 spots and 84.8% ± 2.0% colocalization for probes against the M segment. The percentages of spots showing only Cy3 or Cy5 signals were comparable and were all below 10% in both cases, indicating that the two differently labeled probe sets share similar sensitivity and detect comparable number of viral RNAs (Fig. 2B) . Although we observed similar intensity distributions between colocalized spots and spots that did not colocalized, intrinsic defects of some viral RNAs or the limitation of our detection and analysis would explain why we did not see 100% colocalization between the Cy3 and Cy5 fluorescence spots. To determine whether influenza virus efficiently packages viral RNA of different identities, we first tested the copackaging efficiency of the Cy3 probe-labeled PB2 segment paired with the other seven viral RNA segments that were labeled with Cy5 probes. Colocalization efficiency was calculated as the number of colocalized spots over the number of Cy3 fluorescent spots corresponding to the PB2 segment. The PB2 segment showed high percentages of colocalization with all of the other viral RNA tested (Fig. 2C) . These results demonstrated that the PB2 segment was efficiently copackaged with other viral RNAs into virus particles and that over 50% of virus particles that package the PB2 segments also package the other seven segments. This percentage comes from multiplying the colocalization efficiencies of viral segments paired with the PB2 segment (0.911 × 0.944 × 0.922 × 0.9 × 0.889 × 0.9 × 0.9). In all these experiments, the Cy3 probes against the PB2 segment and the Cy5 probes targeting the paired viral RNAs detected a comparable number of spots. This effectively showed that the other seven segments efficiently copackaged with the PB2 segment as well (Fig. S1 ). Colocalization analysis of the PB1 segment with the NA segment and the M segment also showed percentages of colocalization over 90% (97.0% ± 1.86% for PB1 and NA, 95.4% ± 2.93% for PB1 and M) (Fig. 2D ). These data show that influenza virus proficiently packages heterogeneous viral RNAs into virons.
One Copy of Each Viral RNA Segment Is Packaged into a Virus Particle.
To understand whether the heterogeneous viral RNAs packaged into the virus particles were unique, we determined the copy number of each viral RNA segment being packaged. If a viral RNA segment is unique in the virus particle, then only one copy of that RNA would be detected by the single-virus particle FISH analysis. The number of viral RNAs being packaged can be determined by counting the number of hybridized probes in a fluorescent spot by photobleaching analysis. We first performed single-virus particle FISH and photobleaching analysis on the HA viral RNA segment in the PR8 virus. In this experiment, 15 HA-targeting probes singly labeled with Cy5 were mixed for hybridization. Movies of several imaging areas were obtained, and the time traces of fluorescence intensity for the spots were analyzed. As the fluorophore on each probe photobleaches over time, the fluorescence intensity diminishes over time, yielding a step-wise profile. The number of steps corresponds to the number of probes that are hybridized to the HA target (Fig. 3A) . Because 15 probes were used for hybridization and the binding efficiencies of the probes were different, the number of probes bound to a single viral RNA would not be identical. To address this question, we counted the number of photobleaching steps for over 800 fluorescent spots corresponding to the HA viral RNA. Fig. 3D shows the distribution of the number of photobleaching steps for FISH probes against the HA viral RNA in the PR8 virus particles. A single peak around seven steps was observed, demonstrating that, on average, seven probes are likely to hybridize with an HA viral segment in a single-virus particle using our experimental design.
To demonstrate that PR8 virus particles package only one copy of the HA segment instead of two or more copies, we used reverse genetic techniques to generate a virus that carries two copies of the HA gene. It has been shown previously that influenza viral RNAs possess segment specific packaging sequences governing the incorporation of viral RNAs into the virions. A recombinant virus carrying one additional segment had been successfully generated by engineering the segment-specific packaging sequences in the viral genome (29) . Applying the same principle, we exchanged the packaging signals for the PB2 segment with the NA segmentspecific packaging signals and the packaging sequences that remained within the PB2 ORF were inactivated with serial synonymous mutations (NA-PB2mut-NA segment). The PB2 packaging signals were then used to flank the additional HA ORF, which also contained serial silent mutations at both terminals to inactivate the residual packaging sequences (PB2-HAmut-PB2 segment) (Fig.  3B) . The 2HA-PR8 virus carries the mutated PB2 segment and intensity (a.u.) Fig. 3. PR8 virus particle packages one copy of the HA segment. (A) Photobleaching analysis of the HA viral RNA in PR8 viruses hybridized with 15 Cy5-labeled probes. Right, An average of 30,000 TIRF movie frames of a short movie taken at an imaging area which was consistently excited for 5 min. The graph represents a typical plot of total fluorescence intensity versus time for a Cy5 spot exhibiting a seven-step photobleaching behavior. This plot corresponds to the circled spots in the averaged TIRF image (Left). (B) Genome structure of the 2HA-PR8 virus. Seven A/Puerto Rico/8/34 ambisense plasmids (pDZ-PB1, pDZ-PA, pDZ-HA, pDZ-NP, pDZ-NA, pDZ-M, pDZ-NS) and two chimeric constructs, pDZ-NA-PB2mut-NA and pDZ-PB2-HAmut-PB2 (Material and Methods) were used to generate the 2HA-PR8 virus by reverse genetics. (C) Analysis of viral RNA packaging in 2HA-PR8 virus. Purified viral RNAs from the 2HA-PR8 virus and PR8 virus were resolved using a 2.8% acrylamide gel, followed by silver staining. The identities of the bands were labeled based on their sizes and previous findings. two HA segments. To determine whether both HA segments were incorporated into the virus particles, viral RNA extracted from purified 2HA-PR8 virus was resolved using RNA electrophoresis, followed by silver staining. The PB2-HAmut-PB2 segment migrating between the PA segment and the HA segment was observed, showing that the additional HA segment was incorporated into virus particles. The intensity of the band was similar between wild-type HA segment and the PB2-HAmut-PB2 segment, suggesting that both segments were incorporated into virus particles at comparable efficiency (Fig. 3C) . It is of note that the NAPB2mut-NA segment was not resolved by RNA electrophoresis demonstrating that a low number of virus particles package this segment. Taken together, these data suggest that a virus population incorporated two segments containing the HA ORF existed in the 2HA-PR8 virus.
To test whether the photobleaching analysis is able to resolve the number of target segments packaged into virus particles, we performed FISH and photobleaching analysis on 2HA-PR8 virus under the same experimental conditions as the wild type. The histogram of photobleaching steps for the HA segment in the 2HA-PR8 virus showed an increased breadth of the overall curve than for the HA segment in the wild-type PR8 virus, indicating that the photobleaching analysis was able to detect differences in the number of target segments packaged into virus particles. Two peaks were observed in the histogram of the HA segment in 2HA-PR8 virus. The first peak occurred around seven steps, which was the same peak step number as for the PR8 virus. The second peak appeared around 13 steps, which is approximately double the step number of the first peak. These results showed that in the 2HA-PR8 virus population, there were some virions containing the same number of HA segment as the wild-type PR8 virus and some virus particles that packaged as twice as many. To further confirm that the 2HA-PR8 virus did not exhibit intrinsic disorganization of viral RNA packaging, we performed FISH and photobleaching analysis using 15 Cy5 probes against the NP segment in the wild-type PR8 and 2HA-PR8 virus. The photobleaching step histograms of NP segment in both viruses displayed single-peak distributions, demonstrating that 2HA-PR8 virus was not defective in packaging unmodified viral RNAs and the stoichiometry of the packaged NP segment was the same as that of the wild-type virus (Fig. 3E) . Because it was unlikely that a 2HA-PR8 virus packaged four copies or more HA segments, these data strongly suggested that the double-peak distribution seen was representative of two viral HA segments being incorporated into a single virion. Therefore, the single peak distribution of the photobleaching step histogram seen for the HA segment in PR8 virus arguably represents only one copy of the HA segment packaged into virus particles. Our data also strongly suggests that a single copy of NP is incorporated into a single virion.
We next wanted to assess whether only a single copy of the other viral RNA segments was package into PR8 virus particles. We performed FISH and photobleaching step analysis for the other six segments: PB2, PB1, PA, NA, M, and NS. For each viral segment analyzed, 15 Cy5 probes were mixed for the hybridization reaction, and bleaching steps for more than 500 fluorescence spots were counted. The histograms of the photobleaching steps for the segments examined all exhibited single-peak profiles (Fig.  4) . Gaussian distribution fits to the photobleaching histograms in Fig. 4 showed that more than 90% of the virus particles package a single copy of a specific gene (Fig. S2) . It is of note that the remaining 10% of the spots, which exhibit high number of photobleaching steps, likely represents self aggregation of the virus particle (10-20%) (30) and virus particles immobilized within diffraction limited area. Therefore, the majority of the virus particles contain a single copy of a specific gene. Because a high proportion of influenza virus particles package eight different viral RNA segments (Fig. 2) and each segment was packaged with the same copy number, these results provided strong evidence that the majority of influenza virus particles contain one copy of each viral segment.
In conclusion, we have demonstrated with the two-color FISH and photobleaching-step analysis on individual virus particles that a large proportion of virus particles packaged heterogeneous viral RNPs and a single copy of each gene was packaged into a virion in most cases. Therefore, we have provided evidence that an influenza virus particle packages eight unique viral RNAs and that this selective packaging process is efficient.
Discussion
In this study, we have established an experimental system assay based on smFISH to study the packaged RNA compositions in individual virus particles. Our results demonstrate that eight unique viral RNAs are packaged within a single influenza virion. This technique created a powerful tool to understand the stoichiometry of viral RNAs inside virus particles and provided quantitative data on the subpopulations of different viruses.
In this report, two-color FISH analysis on virus particles provided direct measurements of the probability of two different viral RNA segments being copackaged into the same virion. The PB2 segment was shown to be copackaged with each of the other viral RNA segments at efficiencies around 90%. This indicated that a large proportion of virions that package the PB2 segment also package the other seven segments. It is of note, however, that colocalization between Cy3 and Cy5 in our control experiments was only ∼90% (Fig. 2B) . Because we would expect the controls to have 100% colocalization, it is possible that we are underestimating the percentage of virions that incorporate all eight segments. Nevertheless, these results quantitatively showed that heterogeneous viral RNA segments are selectively packaged within an influenza virion with high efficiency.
The precise mechanisms and viral elements essential for the selection process are largely unknown. Segment-specific packaging sequences have been discovered for all eight viral RNA segments by virtue of reverse genetics and mutation analysis (6-9, 11, 18, 19) . Several studies have shown that mutations introduced into the packaging signals of one segment of a viable virus affects the incorporation of that segment into virions, as well as the incorporation of other segments to different degrees (6, 8, 18 ). For example, synonymous mutations introduced into the HA-packaging sequences reduced the incorporation of not only the HA segment but also of the PB2 segment, as shown by quantitative PCR of viral RNAs extracted from viruses (8 With the technology reported here, we were able to quantify the numbers of virus particles containing two different viral RNA segments, allowing for the calculation of the probability of these two segments being copackaged. This experimental setup provided a measurable parameter for influenza virus and can be further applied to study the effect of identified packaging signals on the copackaging efficiency of viral RNAs or the discovery of viral elements governing the selective packaging process. The selection process of influenza viral RNA packaging was controlled not only for the identities of the segments packaged but also for their copy number. We have applied photobleaching analysis to resolve the copy number of a specific viral RNA segment that is packaged into one virion. Results from the analysis of the HA segment in wild-type PR8 and 2HA-PR8 viruses showed that only one copy of the HA segment was incorporated per PR8 virus particle. Analysis of other viral RNA segments also suggested that eight single copies of each viral RNA segment was packaged into one virus particle. These data, together with earlier studies showing that the eight segments exhibited approximately equal molar ratio in RNA extracted from purified viruses (21) , strongly suggest that each of the eight viral RNA segments are equally distributed into individual virus particles. Given that EM analyses have shown budding influenza virions with eight viral RNPs (14, 15, 22) and the data presented here showing high copackaging efficiency of heterogeneous viral RNA segments (Fig. 2) , we believe that in a large proportion of the virus population, one copy of each of the eight viral RNA segments is indeed packaged into one influenza virus particle.
In conclusion, we have established an experimental system for single-molecule sensitivity FISH analysis on individual virus particles. This technique allowed us to understand the stoichiometry and composition of the segmented viral RNAs in influenza virus particles. We have shown with this technique that one influenza virus particle packages eight unique viral RNA segments, providing quantitative evidence that the genome packaging of influenza virus is a highly selective process. This strategy can be further applied to study the packaging mechanisms of other viruses with a segmented genome.
Materials and Methods
Cell and Viruses. The 293T cells were obtained from the American Type Culture Collection and were maintained in DMEM supplemented with 10% FCS. The PR8 virus and the recombinant 2HA-PR8 virus were grown in 10-d-old specific-pathogen-free chicken embryos (Charles River Laboratories, SPAFAS).
Plasmid construction. (i) Generation of PB2-HAmut-PB2 construct. The GFP ORF from a previously made PB2-GFP-PB2 construct (29) was replaced with the PR8 virus HA ORF carrying serial silent mutations on the two ends [designated as HAmut (31)], generating the PB2-HAmut-PB2 construct. NheI and XhoI restriction sites were used for cloning. (ii) The NA-PB2mut-NA construct was described previously (29) .
Reverse Genetics for the 2-HA PR8 Virus. Generating recombinant 2-HA PR8 virus was performed using previously described methods (29) .
Virus Purification. Wild-type PR8 virus and the 2-HA PR8 virus were grown in 10-d embryonated chicken eggs (Charles River Laboratories, SPAFAS) at 37°C for 48 and 60 h, respectively. The embryos were then killed, and the allantoic fluid was harvested. The allantoic fluid was clarified by centrifugation at 3,000 × g at 4°C for 30 min. The clarified allantoic fluid was then layered on a 20% sucrose cushion and centrifuged at 4°C, 25,000 rpm for 2 h using a Beckman rotor SW28. The pelleted virus was resuspended in 1XNTE buffer [100 mM NaCl, 10 mM Tris-HCl (pH 7.4), 1 mM EDTA] and layered onto a 10-30% iodixanol density gradient (Sigma-Aldrich) for centrifugation at 25,000 rpm for 3 h at 4°C. The virus was extracted from the gradient using a syringe and pelleted by centrifugation at 4°C, 25,000 rpm for 1.5 h. The purified virus was resuspended in 1XNTE and stored at −80°C before use.
Polyacrylamide Agarose Gel Electrophoresis for Purified Viral RNA. The viral RNA for gel electrophoresis was extracted from purified viruses using TRIzol reagent (Invitrogen) following methods that have been described previously (32) .
Single-Virus Particle Immobilization and FISH. Virus particle immobilization and single-molecule imaging were performed as described previously (28) with several modifications. In brief, flow chambers were prepared on polyethylene glycol (PEG) passivated slides supplemented with biotinylated PEG and coated with NeutrAvidin (Thermo). To capture influenza virus particles, biotinylated mouse monoclonal anti-hemagglutinin antibodies were immobilized by incubating the antibody at a 15 nM concentration on the chambers for 20 min at room temperature. The virus was diluted in T50 buffer [10 mM Tris-HCl (pH 8.0), 1 mM EDTA, 50 mM NaCl] and incubated for 30 min at room temperature over the surface with immobilized antibody. The PR8 virus was diluted 1:150 and the 2-HA PR8 virus was diluted 1:30 from the stock to obtain well-isolated spots on the surface (∼250 particles in 2,500-μm 2 imaging area).
The unbound antibodies and virus particles were washed away with T50 buffer. The antibodies and virus were then fixed with 4% paraformaldehyde in T50 buffer for 10 min. After one wash with T50 buffer, the virus particles were permeabilized by 10-min incubation with 0.25% Triton X-100 to expose the viral RNPs. The flow chambers were then washed twice with T50 supplemented with 2 mM RNase inhibitor vanadyl ribonucleoside complexes (VRC) (New England BioLabs) before hybridization. FISH was performed following protocols published previously (26, 33) . For each influenza viral RNA, 30-48 probes were designed and synthesized (Biosearch Technologies). The probes were labeled with Cy3 or Cy5 fluorophores and HPLC-purified according to a published protocol (34) . The hybridization reactions were carried out by incubating the permeabilized virus with the hybridization solution containing each probe at a 4 nM concentration at 37°C for 3 h. Different numbers of probes were mixed for the hybridization reactions according to experimental purposes. After hybridization, the virus immobilized surfaces were washed with wash buffer (2× SSC, 10% formamide, and 2 mM VRC) at 37°C for 30 min and then incubated in 2× SSC before imaging. Single-molecule imaging was performed using a prism-type TIRF microscope, and the single-molecule analysis was performed as described previously (27, 28) .
Photobleaching
Step Analysis. The single-molecule fluorescence time traces of the hybridized viral RNAs were scored for the number of photobleaching steps by a semiautomated algorithm. Because clean bleaching steps could be identified, the average step size of a single bleaching step was calculated and the total number of photobleaching steps was determined based on the starting fluorescence intensity. All of the fluorescence traces were examined manually; traces with no clean bleaching steps or derived from fluorescent spots exhibiting oval shape (virus particles aggregates) were discarded. For each sample, at least 300 particles were scored.
Colocalization Analysis. Colocalization between Cy3 and Cy5 spots was analyzed similarly as described previously (28, 35) . The colocalization efficiency was calculated as the overlap percentage of the number of colocalized spots over the total number of Cy3 spots.
